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Abstract 
A numerical study was undertaken to investigate the feasibility of fusion ignition by the use of 
expansion tubes at the University of Queensland. The study attempted to use X2 expansion tube 
exit flow and a gas lens shock focusing technique to generate cylindrically converging shocks 
and implode H2 fusion fuel. Expansion tube flow estimation software PITOT was used to 
examine the X2’s theoretical capabilities. The X2 was estimated to be capable of producing 
shock speed at Mach 54.45 through room temperature argon. This shock condition was then 
used as the inflow for implosion simulations in a computational fluid dynamics software 
Eilmer3.  
The planar shock convergence simulations agreed with literature results and served as a point 
of validation. When extending gas lens shock focusing to generate a full cylindrical implosion, 
the implementation breached the technique’s limitations. Instead of allowing the reflected 
shocks propagate into ‘gaps’ in previous studies, the reflected shocks overlapped and created 
higher pressure zones behind the shock corners. The higher pressure zones accelerated the 
shock corners faster than the rest of the shock and turned the initially cylindrical implosion 
polygonal. The higher pressure zones also perturbed the gas lens interface and Ritmyer – 
Meshkov Instabilities (RMI) developed.  
Although other works have previously generated cylindrically converging shocks with the gas 
lens technique, it required a physical wedge and gaps above and below the wedge for 
convergence. This investigation attempted to use “pseudo wedges” from shock contact and the 
circularity of implosions were unable to be maintained. Along with poor implosion quality, the 
convergent temperature and pressure were many magnitudes lower than current inertial 
confinement fusion capabilities.  It was concluded that using expansion tubes and gas lens shock 
focusing to implode fuel targets is not yet feasible for fusion ignition. 
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1 Introduction  
1.1 Background  
United Nations forecasts a global population of 9.7 billion in 2050 [5], meeting the associated 
energy demands sustainably in the future will be a formidable task. A key to this solution may 
lie in fusion power, after all, Earth has sufficient fusion fuel to supply the world’s energy needs 
for millions of years. Furthermore, if a fusion power plant was appropriately designed, no 
greenhouse gases and long lived radioactive waste would be produced.[2] Although significant 
progress has been made in the over 50 year long quest, achieving fusion at energy generation 
cost and scale still has major challenges.  
Fusion experiments aim to fuse deuterium and tritium (hydrogen isotopes) into helium 
(alpha particle) and a neutron, the reaction outputs massive amounts of thermonuclear 
energy.[3] This reaction occurs under extreme conditions of over 50 million degrees and severe 
density of approximately 1000 – 4000 times solid density.[1] Currently two main approaches 
are being explored – magnetic confinement fusion (MCF) where fuel is resistively heated and 
compressed in a strong magnetic field and inertial confinement fusion (ICF) where a fuel 
capsule is imploded. This paper will in particular examine the ICF approach.  
National Ignition Facility (NIF) is a large scale laser facility in the US designed to 
achieve ICF ignition conditions costing ~$3.5 Billion USD.[4] Major hurdles surrounding laser 
ignition include driver – fuel kinetic energy coupling, the fuel’s low mode asymmetry and 
hydrodynamic instability leading to major compression degradation.[1] An alternative method 
to create high temperatures and pressures is by converging shockwaves produced by expansion 
tubes. Little fusion ignition studies have been done with expansion tubes compared to laser 
drives and may prove to be a viable option to conduct fusion experiments at much lower costs.  
1.2 Motivation 
The desire of fusion energy for sustainable power has been long established. Although, highly 
expensive facilities have been constructed in attempt to control fusion ignition, positive energy 
gain from a controlled fusion reaction is still yet to be achieved in a laboratory. In attempt to 
reach fusion ignition temperature and density (pressure), the ICF approach uses laser drives to 
ablate the ablator shell that surrounds the fusion fuel (target). The ablation creates a “rocketing 
off” effect to drive implosions inwards to increase the fuel density and temperature. Figure 1.1 
shows the idealised ICF fusion process.  
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Figure 1.1 Four stages of Inertial Confinement Fusion by Hotspot Ignition. 1: Blue arrows show the 
driver energy delivered in the form of laser, X-rays or particle beams used to heat the ablator shell 
coloured in yellow. 2: The shell ablates (coloured orange) and compresses the fusion fuel inside. 3: Low 
density region (hotspot) in the centre is heated to fusion temperatures and initiates fusion burn, blue 
arrows show energy transport. 4: Fusion burn propagates outwards before fuel disassembles.[1] 
Three areas are to be addressed to advance ICF technology – experimentation cost, fuel 
implosion quality and size. [3] The high cost of fusion laboratories limits the size of the 
research field with multibillion dollar laser facilities required. Low mode asymmetry and 
hydrodynamic instabilities due to both fuel and laser imperfection significantly degrades fuel 
implosion; leading to disintegration of fusion fuel prior to ignition condition. Poor coupling of 
laser driver energy to the fuel kinetic energy (~1% achieved at NIF) presents a challenge in 
increasing implosion size. [1,3] 
An alternative method to create implosions is by converging shock waves produced by 
expansion tubes. In this case, an ablator to drive an implosion is not required and eliminates a 
component of hydrodynamic instability (mixing of ablator and fuel). The use of expansion tubes 
may improve the uniformity of energy input. Instead of driving shock waves into the fuel with 
laser beams that may be inhomogeneous, uniform shock waves produced by expansion tubes 
are utilised for compression and potentially delay the development of hydrodynamic 
instabilities.  
Driver to fuel kinetic energy conversion is expected to be drastically improved with 
expansion tubes as ablation energy is not required, allowing an increase in target size. A 
reduction in operational cost should be realised by energy savings and the capital cost of 
expansion tubes should also be much lower; by not requiring the arsenal of sensitive and 
expensive optical apparatus used by laser ICF. The expected cost of new expansion tube 
facilities at The University of Queensland for implosion studies is in order of  ~ $10s of Million 
compared to the America’s NIF costing ~ $3.5 Billiom. With the major reduction in 
experimental costs, expansion tubes should subsequently promote technology advancement 
within fusion research.  
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The University of Queensland’s expertise in research with high enthalpy expansion 
tubes, plasma instability suppression and compressible flow simulation provides resources to 
investigate the feasibility of fusion ignition with convergent shock waves. In addition, the works 
of shock focusing technique described by Vandenboomgaerde and Aymard (2011) based on 
Dimotakis and Samtaney’s (2006) gas lens concept provide support to study improved 
implosions with cylindrically and spherically converging shock waves. [8] The University of 
Queensland’s expansion tube facilities combined with the gas lens shock focusing technique 
provides a promising new method for low cost fusion research.   
1.3 Aim 
This project aims to investigate the feasibility of ICF ignition by extending the gas lens concept 
to generate cylindrical implosions from UQ’s X2 expansion tube exit flow. Numerical models 
are to be used for simulating 2D hypothetical convergence cases with the results compared to 
the NIF’s capabilities. The investigation seeks to provide a basis for fusion implosion 
experimentations at UQ, as well as forming a reference for future hydrodynamic instability, 
high temperature gas and shock convergence studies. 
1.4 Scope  
The following items are in scope:  
 Estimate the strongest shock producible in the X2 expansion tube for argon 
 Identify an ignition feasibility criteria from NIF’s capabilities 
 Using inviscid flow conditions in CFD to investigate implosion quality by: 
- Modelling convergent planar shocks in 2D 
- Modelling gas lenses to create cylindrically convergent shocks 
Following are out of scope:  
 Modelling of spherically convergent shocks in 3D 
 Viscous effects 
 Radiation Transport 
 Modelling of the fusion reaction 
 Construction of the proposed expansion tube testing facility  
 Containment of fusion fuel and heat 
 Sustainment of fusion reaction  
 Capture of fusion energy  
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1.5 Project Deliverables & Report Structure 
This project attempts to initiate an area of study to support physical fusion experiments with 
expansion tubes at UQ. The feasibility of producing cylindrical implosions with the X2 
expansion tube and gas lens shock focusing to initiate fusion ignition was examined. The 
investigation presents X2 argon – nitrogen shock focusing results in ideal 2D cases. Flow 
conditions with the highest convergent energies were re-simulated with hydrogen fuel and 
compared with NIF’s capabilities. Promising conditions and challenges identified provides a 
foundation for future implosion studies.  
Section 1 of the report described the context and motivation of this project along with the 
expected deliverables. Section 2 reviews literature on inertial confinement fusion, shock 
dynamics, shock focusing techniques and expansion tube operation. Section 3 describes the 
approach taken by this feasibility study and the methodology behind simulation configurations. 
Section 4 summarises the simulation results with comparison to literature and fusion feasibility 
is discussed. Finally, section 5 concludes the report with significant findings and provides 
recommendations for future studies.  
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2 Theory & Literature Review 
The ability to extract energy from a fusion reaction in laboratories is undoubtedly desirable, 
with abundant fusion fuel on earth and negligible environmental impact, it would be the solution 
to future energy challenges. The major hurdle of such a feat is confining the fusion reaction for 
sufficient amount of time to extract more energy than it was used to initiate the process. This 
section examines the progress, challenges and the possible use of expansion tubes with shock 
focusing to achieve inertial confinement fusion.  
2.1 Inertial Confinement Fusion (ICF) 
Fusion is the process of two light nuclei forming into a heavier nucleus, along with-it energy is 
output. ICF uses two different hydrogen isotopes, Deuterium (D) and Tritium (T) for the fusion 
reaction as shown in fig.2.1a. To ignite the DT fusion reaction [𝐷 + 𝑇 → 𝑛(14.1 𝑀𝑒𝑉) +
𝐻𝑒(3.5 𝑀𝑒𝑉)] requires temperature in the order of several keV (1 keV ~ 11.3 million oC) and 
pressures in order of gigabars to overcome the coulomb barrier between fusing nuclei. Once 
ignited, alpha particles from the fusion reaction deposits some of its energy in the DT plasma 
itself. The resultant increase in reaction temperature and fusion reaction rate leads to a runaway 
process of energy release.  
 
Figure 2.1: (a) Fusion Reaction (b) Quarter section view of ICF fuel capsule being imploded and 
forming the hotspot [1,14] 
United States is the leader in ICF research with the world’s largest laser facility designed 
to achieve ignition known as the National Ignition Facility (NIF) within the Lawrence 
Livermore National Laboratory.[4] The facility shown in fig.2.2 utilises 192 powerful laser 
beams delivering 1.9 MJ of ultraviolet energy (at > 500 trillion watts) into a target size of an 
eraser and within it, containing a spherical deuterium – tritium (DT) fuel capsule of radius 
approximately 1 mm. [1] The fuel capsule consists of an ablator shell, frozen DT fuel and in 
the middle DT gas. As the laser energy ablates the outer shell, the fuel cell is imploded. During 
the implosion of the fuel pellet, the central low density region eventually reaches fusion 
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temperatures (called the hotspot) and initiates the fusion reaction. The process is shown in 
fig.2.1b and the burn continues until the DT fuel disassembles. 
 
        Figure 2.2: National Ignition Facility within the Lawrence Livermore National Laboratory [13] 
There are currently two laser ICF ignition approaches – direct and indirect drive. NIF 
utilises an indirect method by using a gold enclosure (holhraum) surrounding the fuel capsule. 
The holhraum is employed to emit x-rays as the lasers incident the walls, the X-rays then ablate 
the fuel cell. Best NIF implosions are driven inwards at 360 – 380 km/s with 1.9 MJ of 
ultraviolet light reaching fuel kinetic energy of 12 kJ and producing 26 kJ of fusion energy. [3] 
Other major facilities such as OMEGA at Laboratory for Laser Energetics and NIKE at Naval 
Research Laboratory use a direct drive approach by directly targeting fuel with laser beams.[1] 
2.2 Implosion Conditions and Challenges  
Laser facilities attempt ICF ignition by ablating the ablator shell, sending a convergent 
shock through the DT fuel. The fuel is shock heated to several keV (1 keV ~ 11.3 million oC) 
and follows the Lawson criterion. [9] For ICF, the criterion approximates to 𝑃𝜏 > 11 𝑓(𝑇)/𝜃𝛼, 
where P is the plasma pressure, τ is the inertial confinement time, θα is the fraction of alpha 
particle deposited in fuel and 𝑓(𝑇) is a dimensionless function of the hotspot temperature. For 
temperature profiles of laser fusion capsules, 𝑓(𝑇) has a minimum of 1 at T = 15 keV and rises 
steeply for T < 10 keV. The implosion velocity is limited to 370 km/s by hydrodynamic 
instabilities and since the hotspot temperature is a function of the implosion velocity, ICF 
ignition temperature is constrained to ~ 5 keV before fuel is broken up by hydrodynamic 
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instabilities. At 5 keV, the function 𝒇(𝑻) ~ 2.6 and with θα = 0.8, laser fusion targets require 
𝑷𝝉 > 𝟑𝟔 atm s for fusion ignition. So far, the NIF has achieved 𝑷𝝉 ~ 𝟐𝟎 atm s.[3] 
ICF ignition temperature and pressure are achieved by the implosion of the fuel target (currently 
with lasers) and the following implosion conditions are hindering the achievement of positive 
energy gain. 
2.2.1 Symmetry  
Ideally the imploded fuel should be spherical which imposes uniformity conditions of both the 
driver energy input and the fusion fuel. Low order asymmetries caused by the non-uniformities 
are detrimental to the quality of the implosion as shown in fig.2.3. For example, if the target is 
driven stronger at the poles, the final imploded configuration might be pancake shaped. If driven 
stronger at the equator, it may be sausage like. Fuel non uniformity, beam misalignment and 
energy imbalance are contributing causes of low order asymmetries.[1]  
 
Figure 2.3: Bang time rendering of 3D simulations of NIF implosions demonstrates the compression 
degradation caused by low mode asymmetry and hydrodynamic instabilities [16] 
2.2.2 Hydrodynamic Instabilities 
Small perturbations on the fuel surface may be amplified as it is imploded causing higher order 
asymmetries. This class of problems where perturbation grows as a shock wave crosses an 
interface of two different fluids is called the Ritchmyer – Meshkov instability (RMI), an 
example of RMI growth is shown in fig.2.4. The mechanism of perturbation amplification is 
due to baroclinic vorticity generated at the interface, resulting from the misalignment of the 
shock pressure gradient and local density gradient across the interface.[6] After the shock 
passes, the RMI may induces secondary Rayleigh – Taylor instability (RTI).[7] The instabilities 
induce mixing as seen in fig.2.3 which reduces hotspot temperature and degrades implosion 
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quality. To reduce instabilities, implosion velocities are limited and pulse shapes are modified 
in laser facilities.[3] 
 
Figure 2.4: From left to right shows the growth of Ritchmyer - Meshkov Instability (RMI) across an 
initially small perturbation [24] 
2.2.3 Energy Coupling  
The NIF has demonstrated that it is possible to assemble thermonuclear fuel to a pressure of 
150 – 200 Gbar and temperature of ~ 5 keV by imploding 170 – 180 μg of fuel mass with only 
~ 15 kJ of kinetic energy. It is thought to be possible to achieve ignition at the same temperature 
and pressure condition with increased fuel mass, thereby increase confinement time.[3] 
However, the NIF using the indirect method is only achieving less than 1% coupling between 
the driver and fuel kinetic energy, any increase in fuel mass will require significant increase in 
energy input due to the poor energy coupling. Direct methods demonstrates an improved energy 
coupling but due to beam non-uniformities, the implosion quality is reduced comparatively. 
2.2.4 Density  
Fusion fuel must be compressed to high densities for ignition, approximately 1000 to 4000 
times solid density. This severe compression demands fuel to remain cool (close to Fermi – 
degenerate) as to not require too much energy to achieve the required density. Consider a fuel’s 
areal density 𝜌𝑅, it is a product of the fuel density and fuel radius. Lawson criterion can also 
be expressed as 𝜌𝑅 (
𝑇
4.7
)
2.2
> 1, where 𝜌𝑅 is in g/cm2 and T is in keV without alpha heating. 
The requirement of cool fuel in laser ICF limits the implosion speed and pulse shape driving 
the target.[3] 
2.3 Supersonic Flow & Shock Dynamics 
Shock heating and compression of target fuel is the mechanism to reaching fusion conditions. 
z.Han and X.Yin in 1992 summarises supersonic flow processes in Shock Dynamics [22]. For 
a shock of constant strength moving to the right in the shock’s reference frame shown in fig.2.5, 
equation set 1 describe the states across the shock. Where u is the velocity, Ms is the shock 
Mach number, p is pressure, ρ is density, T is temperature, a is the speed of sound, γ is the ratio 
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of specific heats all in SI units and the subscripts denote the regions across the control volume 
in fig.2.5.  
 
Figure 2.5: Flow regions in a stationary shock reference frame [22] 
 
For a shock moving along a tube with an area change, the shock strength is variable. 
Han and Yin presents Whitham’s 1958 shock dynamics work; for a very strong or weak shock, 
equation 2 describes the relationship between shock Mach (M) and tube area (A). It can be seen 
that a reduction in area results in an increase in shock Mach number.   
 
 
 
2.4 Planar Shock Focusing  
Bond, Hill, Meiron and Dimotakis explored shock focusing in a planar convergent geometry in 
2009.[10] Significant shock strengthening was observed numerically and experimentally as a 
planar shock incidents a converging wedge geometry. The shock propagated down the 
converging wedge turning polygonal and produced similar results to shock dynamics described 
by equation 2. Figure 2.6 shows the shock simulation down the wedge and was validated by 
experimental results.  
(1) 
 
(2) 
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Figure 2.6: Simulation on a planar shock convergence down a wedge, the black lines show the reflected 
shock path [10] 
The Authors proceeded to describe the shock strengthening mechanism shown in 
fig.2.7. Pressure increased behind the shock as the triple points overlapped over time, where 
the triple point is the connection point of the Mach stem (S), incident shock (I) and the reflected 
shock (R).  
 
Figure 2.7: Shock is strengthened from (a) to (b) as the triple points overlapped and the reflected shocks 
created higher pressure behind the incident shock [10] 
 Si, Long, Zhai and Luo in 2015 experimentally investigated cylindrical converging 
shock waves interacting with a polygonal heavy gas cylinder. [23] Cylindrically converging 
shockwaves produced by a vertical annular diaphragm-less shock tube were passed through 
polygonal air/SF6 (fast – slow) gas interfaces. The interfaces examined had triangular, square 
and octagonal top cross sections with its deformation observed by a high speed Schlieren 
system. The square and octagonal interface results are shown in fig.2.8. These experimental 
results serve as a point of reference for planar convergence simulation cases. Fast – slow and 
slow – fast refer to the shock speeds across the gas interfaces in this project.  
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Figure 2.8: Experimental results of interface deformation from cylindrical shocks converging through 
air/SF6 interfaces [23] 
2.5 Gas Lens Shock Focusing 
Quality cylindrical (in 2D) / spherical (in 3D) shocks convergence is a factor in quality fuel 
implosion. Dimotakis and Samtaney documented a numerical shock focusing technique that 
generated a converging circular shock down a 2D wedge geometry in 2006. [8] The authors 
explored a gas lensing technique that transmitted a cylindrical shock as a planar shock passed 
through a gas interface, the shock then focused down a suitably configured wedge. Where the 
interface geometry was determined using Newton’s method and shock polar intersections to 
satisfy three geometrical criteria with angles shown in fig.2.9 – incident shock Mach number 
(Mi), α0 and θw. The solution was determined to be robust at +- 5% deviation of incident Mach 
number. However, when modelled with boundary layer effects, the circularity of the transmitted 
shock was affected. It was also found that perfect cylindrical focusing cannot be achieved if the 
gases across the interface has the same ratio of specific heats.  
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Figure 2.9: Physical domain of gas lens where I is the incident shock and C is the curved interface [8] 
The authors presented three conditions required at point P: 
1. The transmitted shock must be perpendicular to the wedge face 
2. The reflected wave must be cancelled to minimize nonlinear wave reflections from 
the wedge walls 
3. The angle θt by which the flow turns across the transmitted shock should be such 
that the flow is radial immediately behind the transmitted shock—the flow-turning 
angle must equal the wedge half-angle, i.e, θt = θw at P 
Vandenboomgaerde and Aymard (2011) presented a generalised technique to produce 
the gas lens geometry developed by Dimotakis and Samtaney.[11] The generalisation assumes 
pressure across the interface is the same; the authors were able to observe both cylindrical and 
spherical convergence numerically with this technique. Stable convergence was seen in both 
fast – slow and slow -fast configurations and RMI was only seen due to re-shock in the fast – 
slow – fast configuration. The solution to the gas lens is either an ellipse or a hyperbola 
described by equation 3 where h is the half height of the tube. The equations follow notations 
in fig.2.10.  
𝑟(𝜃) =
𝑟(0)(1 − 𝑒)
1 − 𝑒 𝑐𝑜𝑠(𝜃)
 
𝑟(0) =
ℎ
𝑠𝑖𝑛(𝜃𝑤)
1 − 𝑒 𝑐𝑜𝑠(𝜃𝑤)
1 − 𝑒
 
The eccentricity (e) of the lens is 
𝑊𝑡
𝑊𝑖
 where 𝑊𝑡 is the transmitted shock speed is and 𝑊𝑖 
is the incident shock spend. Hyperbolic solution is then derived for slow – fast solution and 
elliptic for fast – slow solution. The solution is limited by equation 4 and a regular to irregular 
interaction criteria [12].  
(3) 
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𝜃𝑤 < cos
−1(min (𝑒,
1
𝑒
)) 
 
Figure 2.10: Schematic of the gas lens technique where C is the gas lens interface shape, O is the point 
of convergence, hatched line is the transmitted cylindrical shock, Wi and Wt are incident shock speed 
and transmitted shock speed respectively. (a) shows an elliptic gas lens for a fast – slow case and (b) 
shows a hyperbolic gas lens for a slow – fast case [11] 
Figure 2.11 demonstrates the gas lens simulation results for fast – slow and slow – fast 
cases. Eccentricity > 1 is obtained for fast – slow cases resulting in a convex lens and 
Eccentricity < 1 is obtained for slow – fast cases producing convex lenses.  
(4) 
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       Figure 2.11: Vandenboomgaerde and Aymard’s simulation of cylindrical convergence [11] 
2.6 UQ’s Expansion Tube Facilities 
The University of Queensland has two high enthalpy expansion tube facilities – X2 and X3. 
The expansion tubes are free piston driven and the X2 produces the highest enthalpy flow. 
Figure 2.12 demonstrates a schematic of an expansion tube configuration with an x – t diagram 
on top.  
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      Figure 2.12: Expansion tube schematic and x - t diagram [17] 
Prior to operation, the reservoir is filled with ~ 10 -100 bars of air and the driver is filled 
with a lighter gas at ~ 1 bar. During operation, the piston is accelerated into the driver gas by 
the reservoir and the driver gas in front of the piston is increased to 10’s of MPa. Here the piston 
transfers its kinetic energy into the driver gas, raising its temperature and pressure until the 
rupture of the primary diaphragm. Expansion tube flow is initiated following rupture and 
corresponds to t = 0 in fig.2.12.  
Although it does not increase driver energy, a secondary driver (typically helium) is 
used for high enthalpy conditions for improved energy transfer between driver and shock tube. 
Referring to fig.2.12, the primary shock traverses the secondary driver and ruptures the 
secondary diaphragm, then shock processes the test gas. If the test gas is sufficiently dense, a 
reflected shock is formed as per fig. 2.12; otherwise region sd2 gas expands into the test gas 
and replaces the reflected shock with an unsteady expansion (increases shock speed). As the 
shock ruptures the tertiary diaphragm, the test gas unsteadily expands into the low pressure 
acceleration tube and exits with high enthalpy.   
Christopher James et.al experimentally simulated gas giant entry in the X2 expansion tube 
in 2016.[18] The authors investigated the capability of X2 to simulate the flow conditions of a 
super orbital entry into a gas giant such as Uranus and Saturn.  Theoretical analyses were 
executed in author written PITOT code and compared with experimental data.  X2 was able to 
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produce 20km/s flow, stagnation enthalpy >200MJ/kg. Authors further investigated X2’s 
capability by increasing compression ratio of driver gas to 100 and driver gas fill to 40MPa.  
The theoretically calculated flow speed was >31.6km/s and stagnation pressure of > 
500MJ/KG. The high enthalpy capability of X2 is important in this project to generate the 
severe implosion conditions required by fusion.  
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3 Methodology 
3.1 Overview 
ICF attempts to implode DT fuel to reach fusion ignition conditions. Current laser methods 
attempt to generate implosions by driving convergent shocks through the fuel by ablating the 
ablator shell. An effective way of generating strong shocks is with expansion tubes. UQ’s X2 
capabilities was briefed in section 2.6 and may prove to be more efficient compared to lasers 
for physical fusion experimentation.  
This project uses numerical tools to investigate the feasibility of ICF with UQ’s 
capabilities; by exploring the concept of generating implosions by shockwave focusing with 
multiple expansion tubes. Table 3.1 summarises the challenge areas of ICF this project attempts 
to address.  
Table 3.1: ICF challenge areas that this project attempts to address 
Challenge Method 
Implosion Quality 
- Hydrodynamic instabilities 
leading to implosion 
degradation 
 Attempt to generate quality implosions by shock lens 
focusing removes the need for ablator material and 
eliminates fuel – ablator mixing issue 
 Use of expansion tubes eliminates inhomogeneous 
laser beam issues 
Implosion Size 
- Poor driver – fuel energy 
coupling 
 Removing the ablator eliminates energy inefficiency 
in the ablation process and improves energy coupling 
 Expansion tube experiments will have much higher 
energy efficiencies compared to lasers 
Experimentation Cost 
 Expansion tubes have much lower capital and 
operational costs compared to laser facilities 
 
 Being a preliminary study, this project investigates 2D cases with inviscid, ideal gas 
assumptions. The simplified ideal approach allows efficient investigation of a number of 
hypothetical cases. Any promising results and challenges obtained in the ideal cases can be 
expanded on with more realistic models in the future. Since the gas lens geometry definition is 
the same in both 2D and 3D, results from this 2D study provides a sound foundation for future 
3D concept development.  
18 
 
 
 
Figure 3.1 demonstrates a quarter section of the hypothetical 2D experiment with the 
arrows showing the direction of shock travel and DT fuel in the centre of convergence. Figure 
3.1 shows the quarter section of 4 converging tubes (θw = 45o), configuration of 8 converging 
tubes (θw = 22.5o) was also investigated. The concept intends to converge shockwaves 
generated by the X2 expansion tube, “bending” the shock with shock lens (C) and transmitting 
a cylindrical transmitted shock (T). If successful, a cylindrically converging implosion will be 
generated with shock strengthening observed and implode the DT fuel target.  
 
Figure 3.1: Quarter section of a 4 tube gas lens convergence concept 
Although the project is a numerical study, it attempts to reflect UQ’s physical 
experimental capabilities by using the X2 expansion tube as the candidate to produce the initial 
shockwaves. Argon was elected as the test and accelerator gas due to its availability, inertness 
and expected improved gas models with future argon ionisation studies planned at UQ. Figure 
3.2 shows the project progression.  
 
Figure 3.2: Project Progression 
3.2 Feasibility Criteria 
Section 2.2 briefly reviewed the progress of laser fusion research and the Lawson criteria for 
fusion ignition. NIF has being able to produce 𝑃𝜏 ~ 20 atm.s (2020 kPa.s) at 5 keV (56.5 
million oC), for fusion research to be feasible with converging X2 expansion tubes, the 
numerical simulations with ideal assumptions must be able to produce better 𝑃𝜏 and 
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temperature at the convergence. Putting 𝑃𝜏 of 20 atm.s into perspective: with the estimated test 
flow time for max X2 argon exit speed to be 7.44ms (discussed in 3.4), a mean convergence 
pressure of ~270GPa during the test time is required to achieve 𝑃𝜏 of 20 atm.s. Below 
summarises the X2 convergence conditions required to be comparable to NIF’s capabilities:  
o Temperature ~56 million oC 
o Pressure ~ 270 GPa 
If the ideal assumptions that ignore losses from boundary layer, dissociation, ionisation, 
radiation and etc. cannot produce convergence conditions comparable to the NIF. Physical 
experiments will be unlikely to produce successful fusion ignition.  
3.3 Numerical Tools 
This section briefly reviews the numerical tools used in the project.  
3.3.1 Eilmer3 
Eilmer3 is a compressible flow Computational Fluid Dynamics (CFD) code developed by the 
CFCFD group with the main developers from UQ. The code is an integrated collection of 
programs that can numerically simulate 2D and 3D transient, compressible flow. The flow 
situation is defined by the spatial domain of the gas movement, initial gas state into this domain, 
specific domain boundary conditions and the flow is allowed to evolve through time following 
gas dynamics and thermochemistry. The theory is described by Jacobs et.al (2012) in the Eilmer 
Theory Book[21].  
The code is executed in 3 phases by the user[20]:  
1. The flow domain by grid elements, inflow conditions, boundary conditions, gas models 
and simulation control is defined in a python file and run through the ‘e3prep.py’ file. 
The file prepares the input conditions into parameters interpretable by the code for 
simulation.  
2. The prepared parameters are then run through the main simulation program 
‘e3shared.exe’. The program computes snapshots of the evolving flow by solving gas 
dynamics and thermochemistry equations.  
3. The snapshots are then post processed by ‘e3post.py’ to be interpretable by Paraview or 
GNU-Plot.  
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The entire flow situation is defined by the python input file described by phase 1. It is vital 
to apply correct assumptions, gas models, flow domain discretisation and simulation control. 
The capability and usage of Eilmer3 is described in the Eilmer3 User Guide [20].  
3.3.2 PITOT 
PITOT is a python based analysis code for rapidly designing flow conditions in expansion tube, 
written by James et.al [19] with current configuration tuned for X2. It was developed to act as 
a first ‘port of call’ for expansion tube condition design that can perform preliminary assessment 
of flow conditions without intensive CPU requirement. PITOT calculations show good 
agreement to experimental results for gas giant entry conditions; by assuming perfect gas in the 
driver and shock tube, employing NASA’s Chemical Equilibrium with Applications (CEA) 
code in the acceleration tube to capture the high temperature effects. The short calculation time 
of PITOT relative to 1D and 2D CFD codes make it a good candidate for parametric studies of 
expansion tube conditions.  
The X2 tuned PITOT code is capable of outputting X2 exit flow conditions with inputs of: 
 Driver piston selection 
 Driver, test gas and accelerator gas compositions  
 Secondary driver (He), shock tube and acceleration tube fill pressures 
3.4 Maximising X2 Argon Shock Speed  
In maximising the implosion strength (size), it is logical to maximise the incident shock 
produced by the expansion tubes. The tube exiting shock conditions can then be used for the 
inflow conditions of experimental simulations, thereby reducing the size of the 2D simulation 
domain.  Section 2.6 described the operation of an expansion tube with the unsteady expansions 
accelerating the shock. PITOT was used to estimate the maximum argon shock speed with the 
following conditions:  
 Most powerful piston for X2 
 Secondary He driver used 
 2 kPa argon test fill (candidate pressure to not over sacrifice exit density [18]) 
 0.1 Pa argon accelerator fill (lowest recognisable accelerator pressure) 
The only condition that needed to be optimised is the secondary driver fill pressure. Section 
2.6 described a reflected shock being produced if the test gas is sufficiently dense compared to 
the secondary driver, PITOT aborts calculations in this case as physical shock speed would be 
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reduced. Therefore, the minimum secondary driver fill pressure to not create a reflected wave 
was first obtained. The pressure was then increased to observe the exit flow to optimise 
secondary driver fill pressure.  
Air as the accelerator gas was initially used to obtain the lowest secondary driver fill 
pressure that does not produce a reflected shock with test tube fill of 2kPa, this pressure was 
found to be 420kPa. Figure 3.3 shows PITOT’s estimation of exit flow speed decreases linearly 
with increasing secondary driver fill pressure. 420kPa secondary driver fill pressure was found 
to be optimal for a 2kPa argon test fill.  
 
Figure 3.3: PITOT Exit Flow Estimation 
The following PITOT input conditions produced an estimated X2 argon shock speed of 
Mach 54.45 exiting the accelerator tube with initial accelerator fill of 0.1Pa, 298K Argon and 
the estimated test time is 7.44ms:  
 Facility = ‘x2’ 
 Tunnel mode = ‘expansion – tube’ 
 Nozzle = False 
 Piston = ‘lwp-2.5mm’ 
 Psd1 = 420000Pa 
 P1 = 2000Pa 
 P5 = 0.1Pa 
 Test gas = ‘ar’ 
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The X2 exit flow condition of Mach 54.45 shock can then be used as the inflow state of the 
convergence simulations. The inflow state was input to Eilmer3 as a function of the shock Mach 
for future parametric studies. The inflow state was calculated by equation set 1 where the 
accelerator argon fill is processed by the exit shock.   
3.5 Planar Shock Convergence  
Planar polygonal shock convergence conditions for the 4 tube (θw = 45o) and 8 tube (θw = 22.5o) 
configurations were investigated for Ar/H2 (slow – fast) and Ar/N2 (fast – slow). Literature 
experimental results can be compared to the simulations and provide a point of simulation 
validation. Two methods were used to simulate planar shock convergence – single half tube 
(fig.3.4) and two half tubes converging (fig.3.5). 
 
Figure 3.4: Single half tube simulation with θw = 22.5o, simulation shows abnormal flow development 
due to cell distortion  
The simulations had symmetry boundary conditions (SlipWallBC) for all wall 
conditions except for shock entry. Figure 3.4 demonstrates that although the single half tube 
case would save computational resources, the acute wedge angle (especially for θw = 22.5o) 
over distorted the cell structure and resulted in unphysical flow behaviour, i.e. shock is not 
normal to the wedge wall. The models of two converging half tube shown in fig.3.5 was used 
to simulate planar convergence instead and displayed agreeable results with Si, Long and et.al’s 
experimental photos. The physical UQ X2 expansion tube exit bore radius (h) of 42.5mm was 
used in all simulations. A legend for simulation configuration figures is below:  
Red number = block number 
Black line = Slip wall boundary condition 
Red line  = Block boundary connections and inflows 
White line  = “Pseudo wedge wall” – trajectory of the shock corners 
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θw = Pseudo wedge half angle 
 
Figure 3.5: Simulation configuration of planar convergence with two converging half tubes. (a) shows 
the 4 tube convergence case and (b) shows the 8 tube convergence case. 
Gridding for figure 3.5 a and b were 300 x 300 cell count for block 0 with cell count for 
other blocks scaled to achieve similar cell size. The gas fill conditions are the following:  
 4 tube convergence – 50K, 0.1Pa nitrogen or hydrogen fills block 0 and unshocked X2 
accelerator argon fill (298K, 0.1Pa argon) fills block 1 and 2.  
 8 tube convergence - 50K, 0.1Pa nitrogen or hydrogen fills block 0, 1 and 2. Unshocked 
X2 accelerator argon fill (298K, 0.1Pa argon) fills block 3 and 4. 
3.6 Gas Lens Shock Focusing 
Achieving cylindrical shock convergence is critical to the feasibility of fusion ignition with 
expansion tubes. This section describes the attempt to extend shock lens focusing to generate a 
cylindrical implosion.  
3.6.1 Gas Lens Fill Selection 
Gas lenses described in section 2.5 with its geometry defined by equation 3 was used to form 
planar shocks into cylindrical shocks. Equation 3’s generalisation is dependent on the two gases 
across the interface to be the same pressure but different ratios of specific heats.[8,11] To 
explore both slow – fast and fast – slow gas lens configurations, two gases were investigated 
for the gas lens – hydrogen and nitrogen,  
Hydrogen was investigated for the slow – fast case such that: as the shock processes the 
hydrogen (pretend DT fuel) increasing its velocity and temperature, the convergent condition 
of the hydrogen is to ignite the fusion burn. Since a noble gas cannot be used for the gas lens 
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for it has the same ratio specific heats as argon (violating gas lens requirements), nitrogen was 
selected for the fast – slow case for its moderate density, availability and simple dissociation 
model. 
The pressure and temperature for both gas lens fills were 50K and 0.1Pa. The pressure 
is to be the same as the accelerator tube fill to satisfy gas lens conditions. Due to the extremely 
low gas pressure imposed by the accelerator tube fill to produce fast shocks and gas lens 
conditions, the gas densities will also be extremely low which is problematic for Eilmer3. 
Eilmer3 aborts calculation when it encounters a cell along with its neighbouring cells of density 
approximately zero (assumes gas no longer exists). Hydrogen with its low density is especially 
vulnerable to this issue and therefore, the candidate gas lens fill temperature was lowered to 
50K in attempt to increase gas density.  
3.6.2 Lens Geometry 
The gas lens eccentricity (e) is the ratio of shock speeds across the gas lens interface. 
The shock speeds were obtained by simulating a planar gas interface post X2 exit with Eilmer3, 
shown in figure 3.6. Max X2 argon exit flow fills block 0 (shocked accelerator tube argon), 
0.1Pa, 298K argon (unshocked accelerator tube fill) fills block 1 and 0.1Pa, 50K nitrogen or 
hydrogen (gas lens fill) fills block 2. The shock speeds were then calculated from the simulated 
gas velocities across the interface post shock with equation 1.  
 
      Figure 3.6: Eilmer3 configuration used to simulate shock speeds across the gas lens interface 
Ar/H2 interface produced an eccentricity of 1.189, using the lens validity condition of 
equation 4, this interface is only valid for an 8 tube convergence configuration (θw = 22.5o). N2 
gas lens fill produced an eccentricity of 0.632, which is valid for both 4 tube (θw = 45o) and 8 
tube (θw = 22.5o) convergence configurations. An 8 tube N2 case with a smaller gas lens height 
(h = 40mm) was also investigated. All gas lens cases investigated in this project are 
demonstrated in fig. 3.7, gas lens fill (N2 or H2) is in red and Ar accelerator tube fill is in blue.  
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In all cases, the gas lens was defined by a custom flow condition within each block. 300 
x 300 cell count was used for block 0 with the cells clustered towards the block vertices. Other 
blocks had cell count adjusted to obtain cell size consistent to block 0. Another method of 
creating the gas interface by block shape was also investigated but was proven to be 
inappropriate. The gas lens implementation methods are discussed in section 3.6.3. 
 
Figure 3.7: Gas lens convergence cases simulated in Eilmer3. a),b) and d) had θw of 22.5o and b) had 
θw of 45o. a), b) and c) had gas lens height of 42.5mm (X2 exit bore) whilst d) had a smaller gas lens 
height of 40mm.  
3.6.3 Gas Lens Implementation in Eilmer3 
Two methods of gas lens implementation were explored and described below: 
1. Defined by initial fill conditions 
- More than one gas defined in a single block allowing simpler block domain 
- Interface distorted (“pixelated”) by the cell; if cell size is adequately small, it can 
represent physical interface imperfection 
- Can observe convergence point 
2. Defined by block boundaries 
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- Gas interface defined by block boundaries with each block containing a single gas 
- Perfectly smooth gas interface due to block definition 
- Distorts cells with complicated block domain 
- Cannot observe the convergence point as a block must have four sides in Eilmer3 
Fig.3.7 showed the gas lens cases defined by initial fill condition and fig. 3.8 shows the 
shock propagating through the mesh defined by method 2. Figure 3.8 is a fast – slow example 
of a single tube simplification with cell count reduced simulation of shock passing through the 
gas lens defined by block boundaries. The initial shock is distorted by the complicated cell 
geometry and the transmitted shock is biased to the shape of the gas lens; this issue remained 
with a higher grid resolution. It can also be seen that the convergence point cannot be included 
in the simulation as a block requires four sides in Eilmer3.  
Due to the ability to observe the convergence point and minimal effects on the incident 
shock, the gas lenses were defined by method 1 – with initial fill condition for this study.   
 
     Figure 3.8: Gas lens defined by block boundaries 
3.7 Shock Convergence through H2 
To examine fusion feasibility, DT fuel conditions generated by the shock convergence 
simulations need to be assessed and compared to the criteria posed in section 3.2. In this study, 
ideal H2 was assumed to be a substitute for DT fuel (H2 isotopes) due to its availability in the 
Eilmer3 gas library. Unfortunately, all H2 convergence simulations failed prior to shock 
convergence, low cell density was assumed to be the cause and is discussed in section 4.2. Due 
to H2 simulation failures, only N2 convergence were observed with the convergence data 
recorded by a history point in Eilmer3 every 20 ns. The data were then analysed in Excel. 
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Due to the project’s time constraint, only the two N2 simulations expected to produce 
the highest H2 fuel temperatures were simulated again with H2 at its convergence (Ar/N2/H2 
configuration). This was determined by calculating the energy / unit volume of N2 at the 
convergence point: 
𝐸𝑛𝑒𝑟𝑔𝑦
𝑉𝑜𝑙𝑢𝑚𝑒
= 𝜌 ∗ (𝑐𝑝𝑁2
∗ 𝑇 +
𝑉2
2
) =
𝐽
𝑚3
 
𝑤ℎ𝑒𝑟𝑒: 𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑘𝑔
𝑚3
) , 𝑇 = 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝐾) 
𝑉 = 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (
𝑚
𝑠
) , 𝑐𝑝𝑁2
= 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡 𝑜𝑓 𝑁2  
The 8 tube planar convergence case and 8 tube smaller gas lens (h = 40mm) case were 
found to have the highest energy / unit volume at its convergence. A 5mm radius cylinder of 
H2 at 50K and 0.1Pa were then defined at the convergence of the two cases. Figure 3.8 shows 
the H2 implemented at the N2 convergence with the initial fill method discussed in section 3.6.3. 
5mm radius was selected to provide enough cells for unsteady expansion as shock travels across 
the N2/H2 interface. The radius was also selected to be not too large to be still comparable to 
the NIF’s fuel radius of 1mm. 
 
      Figure 3.9: H2 definition at convergence  
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4 Results & Discussion 
Planar Ar/N2 convergence simulation results in 4.1 were found to agree with experimental work 
reviewed in section 2. This serves as a validation point for the shock convergence simulations. 
Unfortunately, H2 planar shock and gas lens case simulations failed prior to convergence. Low 
density error is assumed to be the cause and the results prior to simulation failure are presented 
and discussed in section 4.2.  
4.3 and 4.4 summarises the gas lens results and the overlap of reflected shocks was found 
to degrade initially cylindrical implosions. Section 4.5 reviews the gas lens implementation and 
4.6 identifies the limitations of this study. Eilmer3 simulations found fusion ignition to be not 
feasible by the investigated convergence cases.  
4.1 Planar Convergence 
Figure 4.2 and 4.3 show the evolution of 4 tube and 8 tube planar shock convergence with Ar/N2 
interfaces. A transmitted shock (T), Ar/N2 gas interface (I) and reflected shock (R) can all be 
observed and fig.4.1 emphasises it. Polygonal shock convergence is observed for both cases 
with increased temperature, pressure, density and velocity around the shock corners. 
 
       Figure 4.1: 4 Tube planar convergence result showing the shocks, interface and shock corner 
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      Figure 4.2: Ar/N2 4 Tube planar convergence simulation results 
All simulation results were post processed in Paraview with ‘Transformation’ filters. 
The top of the figures show the colour bars for pressure (p) in pascals, density (rho) in kg/m3, 
temperature (T(0)) in kelvins and velocity (Vel.vector Magnitude). The time shown is in 
seconds.  
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   Figure 4.3: Ar/N2 8 tube planar convergence simulation results 
The triple point trajectories can be observed in both planar convergence cases and was 
compared to literature in fig.4.4. Figure 4.4a shows the triple point growth for the θw = 45o was 
in agreeance with the literature results of a shock converging into a wedge, shock was 
strengthened as the triple points overlapped. Noting the reflected shocks from simulations were 
straight and not seen to overlap at the tails as opposed to the literature diagram. This is likely 
due to the literature diagram was drawn at a point after the initial triple point overlap, whereas 
simulation results after the first triple point overlap could not be detailed. The detail was 
hindered by the large θw and a higher cell resolution is required to observe closer to the 
convergence.  
A section of unphysical flow growth was observed for the θw = 22.5o case. The incident 
shock had an arrow like growth at its centre and was highlighted in fig.4.4b. The abnormality 
was likely to be introduced by the cell clustering applied in the simulation setup shown in fig.4.5 
and growth continued down the convergence. Albeit unphysical flow characteristics developed 
at the incident shock centre, the shock corner interactions and initial triple point developments 
are still consistent with literature.  
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Figure 4.4: Triple point comparison of simulation results to literature reviewed in section 2.6. a) shows 
4 tube convergence, b) shows 8 tube convergence and c) shows the literature schematic. Here I is the 
incident shock, R is the reflected shock and S is the Mach stem.  
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Figure 4.5: Abnormal flow developed by cell clustering. a) shows the result without cells and b) shows 
a close up with the cells shown 
 
Distinct interface deformation patterns were observed in the planar shock convergence 
simulations and agree with Si, Long and et.al’s experimental results. A closer comparison can 
be seen in fig.4.6, with the black and white figures being experimental and coloured being 
simulation results. This comparison provides a point of validation for shock convergence 
simulations.  
 
Figure 4.6: Comparison of simulation results (coloured) to literature (black & white). a) shows 4 tube 
convergence and b) shows 8 tube convergence 
 
4.2 Failed Hydrogen Cases 
All Ar/H2 simulation cases failed prior to convergence. Figure 4.7 shows the flow development 
of the planar convergence cases prior to simulation failure. The flow developments were 
consistent with Ar/N2 cases.  
 
 
33 
 
 
 
 
 
 
Figure 4.7: Ar/H2 planar convergence simulation results prior to failure. a) shows 4 tube convergence 
and b) shows 8 tube convergence. Temperature is in K, velocity is in m/s and time is in seconds.  
Figure 4.8 shows the flow development of the H2 gas lens case prior to simulation 
failure. Top section shows the gas contents where red is H2 and blue is Ar and right section 
shows the temperatures. The flow prior to simulation failure showed RMI developments across 
the interface which is consistent with Ar/N2 cases. 
The simulation failure was assumed to be caused by the low pressure/density of the H2 
lens. By using 0.1Pa H2 (which already has very low density even at atmospheric conditions) 
in Eilmer3 produced extremely low densities in the order of 10-8 kg/m3. When Eilmer3 
encounters a cell with extremely low density, it assumes the gas is no longer existent and defines 
it as a “bad cell”. In order to resume simulation, Eilmer3 attempts to estimate conditions for the 
a) θw = 45o b) θw = 22.5
o 
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bad cell by averaging its neighbouring cell data. However, simulation is aborted in the case 
when the neighbouring cells of a “bad cell” are also “bad cells”.  
Future slow – fast studies must increase the gas lens fill density. Since the gas lens fill 
pressure is constrained by the X2 accelerator tube fill, gas lens fill pressure increase will 
sacrifice X2 exit shock speed. With this in consideration, a denser gas than H2 and a balance of 
density and shock speed need to be found for a successful simulation.  
 
        Figure 4.8: Ar/H2 gas lens simulation prior to failure 
 
4.3 Nitrogen Lens (Fast – Slow Case)  
4.3.1 4 Tube Convergence (θw = 45o) 
Figure 4.9 shows the shock convergence for the 4 tube configuration with Ar/N2 lens interface. 
Round shock sections were produced by the gas lens at t = 3 microseconds but does not seem 
to create a perfect circle (fig.4.12a shows this). The reflected shock from the gas lens re-reflects 
from the tube walls at t = 4 microseconds and “straightens” the initially round shock corners. 
After the shocks exit the expansion tube and contact at t = 5 microseconds, the reflected shocks 
overlap and Ritchmyer – Meshkov instabilities (RMIs) develop at the Ar/N2 interface. The 
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higher pressure produced by the overlapping reflected shocks drive the shock corners faster 
than the rest of the shock and turns the implosion polygonal.  
 
Figure 4.9: Ar/N2 4 tube gas lens simulation results 
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4.3.2 8 Tube Convergence (θw = 22.5o) 
Figure 4.10 shows the shock convergence for the 8 tube configuration with Ar/N2 lens interface. 
Immediately after shocks exit the expansion tubes at t = 2 microseconds, a perfectly cylindrical 
shock can be observed (fig.4.12 highlights the circularity by enlarging the result in temperature 
scale). However, a cylindrical implosion was not maintained through convergence as the 
reflected shocks overlap, higher pressure behind the shock corners were created and turned the 
shock polygonal. RMIs develop at the interface as it is initially perturbed by the higher pressure 
zones.  
 
Figure 4.10: Ar/N2 8 tube gas lens simulation results 
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4.3.3 8 Tube Convergence with Smaller Lens Height of 40 mm 
Figure 4.11 shows the shock convergence for the 8 tube configuration with the smaller Ar/N2 
gas lens. The smaller gas lens attempts to mitigate the effect of reflected shocks overlap. 
However, higher pressure zones caused by overlap of reflected shocks can still be seen, again 
turning the shock polygonal. RMI development was observable across the interface.  
 
Figure 4.11: Ar/N2 8 tube smaller gas lens (h=40mm) simulation results 
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4.4 Ar/N2/H2 Shock Convergence Conditions 
The N2 convergence conditions and energies for all cases were summarised in table 4.1 with 
the energies calculated as per methodology section 3.7, assuming ideal case Cp (N2) of 1.04 kJ/K.  
   Table 4.1: Ar/N2 convergence conditions 
 Density 
(kg/m3) 
Temperature 
(K) 
Velocity 
(m/s) 
Convergence 
Energy (kJ/m3) 
4 Tube Planar 4.03E-04 5.37E+05 1.63E+02 225 
4 Tube Gas Lens 4.10E-04 6.43E+05 4.28E+03 278 
8 Tube Planar 3.47E-04 8.49E+05 1.16E+02 307 
8 Tube Gas Lens 3.94E-04 6.83E+05 4.88E+03 284 
8 Tube Smaller Gas 
Lens (h = 40mm) 
6.87E-04 4.90E+05 4.23E+03 356 
 
 
The Ar/N2 8 tube planar and smaller gas lens (h = 40mm) cases were found to have the 
highest convergence energy / unit volume. 50K, 0.1Pa H2 fuel of radius 5mm was then 
simulated at the convergence of these two cases. The maximum convergence conditions of the 
H2 fuel were summarised in table 4.2. 
 Table 4.2: Ar/N2/H2 convergence conditions 
 
The lower H2 convergence temperatures were expected due to H2’s higher Cp of 14.32 
kJ/kg compared to N2’s Cp of 1.04 kJ/kg at room temperature. Interestingly in the Ar/N2/H2 
configuration, the 8 tube planar case resulted in higher H2 convergence conditions than the small 
gas lens case, even though its N2 convergence energy / unit volume was lower than the small 
gas lens case in the Ar/N2 configuration. This may be attributed by RMI growing across the 
N2/H2 interface.  
Comparing the H2 convergence results to the feasibility criteria posed in section 3.2:  
o Temperature ~56 million oC (K ≈ oC at this temperature) 
 Temperature (K) Pressure (kPa) Density (kg/m3) 
8 Tube Planar 212,000 127 0.00042 
8 Tube Smaller 
Lens (h = 40mm) 
143,000 84 0.00018 
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o Pressure ~ 270 GPa 
The simulation results demonstrate fusion ignition is not feasible by the experimental 
cases investigated. The attempt to extend gas lens shock focusing to generate a cylindrically 
converging implosion failed. The reflected shocks gas lens shock focusing overlapped and 
created higher pressure zones behind the shock corners. The higher pressure zones drove the 
shock corners faster than the rest of the shock and deteriorated the ‘initially’ cylindrical shocks 
shown in fig.4.12. This resulted in poor implosion quality and convergent conditions.  
 
Figure 4.12: Simulation results with temperature scale shows the initially cylindrical shock in b) and c) 
whilst a) still displayed round sections. White dashed quarter circle was used as a circularity comparison 
4.5 Gas Lens Review 
Generation of cylindrical shocks by gas lens shock focusing was critical in this project. 
Cylindrical shocks were required for quality implosions and increased shock strength through 
convergence.  Previous gas lens work of Dimotakis, Samtaney (2006) and Vandenboomgaerde, 
Aymard (2011) described in section 3.6 have numerically achieved cylindrical shocks but have 
only been successful for sections of cylindrical shocks down a physical wedge. A gap was also 
required above and below the wedge to avoid the reflected wave interacting with the transmitted 
shock.  
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             Figure 4.13: Annotated version of Dimotakis and Samtaney's numerical Schlieren results 
Figure 4.13 shows the gap provides room for the reflected shock (R) to propagate 
without re-reflecting off the tube walls (re-reflection occurred in the 4 tube gas lens 
convergence case θw = 45o). A bow shock is seen to form off point P which cancelled the R, 
allowing the cylindrical transmitted shock (T) to accelerate away from the interface (I). A closer 
view of Dimotakis and Samtaney’s simulation at point P in fig.4.14 shows the gap allows R to 
propagate away from T and not affect the convergence. 
 
Figure 4.14: Close up of point P in Dimotakis and Samtaney's simulation (annotated) [25] 
R I T 
Gap 
Bow shock 
cancels R 
Point P 
R 
I T 
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 This investigation attempted to connect cylindrical shock sections by using the shock 
corners as pseudo wedges for shock focusing. The gas lenses are therefore connected at its 
corners, which means gaps allowing R to propagate away from T are not physically possible. 
Figure 4.15a shows the 8 tube small gas lens simulation results where the reflected shocks (Rs) 
overlap. The overlapped zones have higher pressure and temperature, accelerating the shock 
corners faster than rest of the shock. This finding was consistent across all investigated gas lens 
cases and the higher pressure zones initiated RMI developments across gas interfaces. In the 4 
tube gas lens case, the circularity of the convergence was also degraded prior to reflected shock 
overlap. After the reflected shocks hit the tube walls, they re-reflected (R-R) and straightened 
the shock corners as shown in fig. 4.15b.  
 
Figure 4.15: Implosion degradation mechanisms a) shows RMI initiation and b) shows re-reflected 
shocks straightening the shock corner in the 4 tube gas lens case 
The creation of bow shock at P also seem to be critical in successful gas lens shock 
focusing. Revisiting θ – β – M relations shown in fig.4.16 from oblique shock wave theory, 
detached bow shocks occur at higher deflection angles for higher incident shock Mach. 
Observing the M1 = 15 ~ M1 = inf. lines show the incident shock Mach investigated of 54.45 
(from X2 exit) will require θw > 45o to generate a detached bow shock during convergence. 
Future physical wedge investigations should examine cases that generate a bow shock, which 
will limit the incident shocks to lower Mach numbers or θw > 45o.  
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Figure 4.16: θ – β – M relations [26] 
The point of lower shock speed is consistent with the previous successful gas lens work; 
where simulated shocks were weak or moderate with Mach number of around 1 ~ 3 with 
Dimotakis and Samtaney mentioning: “The need to cancel the reflected shock at P generally 
limits the solution to weak, or moderate-strength, incident shocks. Strong-shock refraction at a 
fast-slow interface typically transitions from regular refraction to irregular refraction with a 
Mach stem, while weak to modest shock refraction transitions from a reflected shock wave to a 
reflected rarefaction.”[8]  
This investigation attempted to connect cylindrical shock sections with incident strong 
shocks (M=54.45) out of the X2 and max θw of 45o. These elements breached condition 2 of 
the gas lens concept – “The reflected wave must be cancelled to minimize nonlinear wave 
reflections from the wedge walls” as described in section 2.5. 
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4.6 Model Limitations 
Results of this investigation were simulated with the following ideal assumptions:  
 Inviscid flow  
 Ideal gas models without high temperature effects (dissociation, ionisation and etc.) 
 No radiation transfer  
 No gas lens membrane  
 No diffusion across gas interfaces 
 No heat transfer across gas interfaces 
 DT fuel modelled as ordinary H2 
Incorporating more realistic models are expected to further degrade implosion quality and 
convergence conditions. Even with the consideration of unphysical flow developed by cell 
clustering (in 8 tube cases) as discussed in section 4.1; the simulation results were too many 
magnitudes away from the required fusion conditions to seem plausible. In fact, the results show 
the major implosion degradation is caused by reflected shocks overlapping and accelerating the 
shock corners faster than the rest of the shock. The increased acceleration of the shock corners 
turned the implosions polygonal and RMIs grew across the gas lens interfaces.  
Physical experimentation methods were out of scope for this experimentation. Though it 
can be easy to see the following experimental requirements may be difficult to satisfy: 
 Low and constant pressure of 0.1 Pa across gas interfaces  
 Large temperature difference (N2 = 50K, Ar = 298K) across interfaces 
 Maintaining gas lens interface without a membrane  
 Perfect shock alignment and timing  
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5 Conclusions & Recommendations  
This project attempted to extend a gas lens shock focusing technique to generate cylindrically 
converging implosions. The feasibility of igniting fusion with this technique at UQ was 
investigated by comparing the convergence conditions to NIF’s capabilities. A number of 
experimental convergence concepts were investigated numerically with Eilmer3 whilst making 
ideal assumptions and the following conclusions can be drawn:  
1. X2 expansion tube is capable of producing a theoretical Ar shock speed of Mach 54.45 
at room temperature 
2. Eilmer3 is able to simulate planar convergence results consistent with  literature 
3. Gas lens shock focusing is capable of generating a cylindrical implosion prior to 
convergence 
4. The attempt to use multiple gas lenses and strong converging shocks breached the gas 
lens focusing condition 2 – “The reflected wave must be cancelled to minimize nonlinear 
wave reflections from the wedge walls” 
5. Due to the breach of condition 2 the overlapping of reflected waves created higher 
pressure zones behind the shock corners 
6. The higher pressure zones accelerated the shock corners faster than the rest of the shock 
and turned the initially cylindrical implosion polygonal  
7. In the 4 tube gas lens case (θw = 45o), the re-reflected shocks degraded implosion 
circularity prior to the overlap of reflected shocks 
8. Gas interface perturbations created by the higher pressure zones developed RMIs  
9. Inertial confinement fusion ignition is not feasible with the configurations investigated 
due to: 
a. Poor implosion quality caused by higher pressure zones behind the shock 
corners 
b. Consequent low H2 fuel convergence pressure and temperature 
10. The H2 convergence temperature and pressure obtained was higher in the planar case 
than the gas lens case 
11. The use of a physical wedge and gaps above and below the wedge sections were critical 
to Dimotakis and Samntaney’s successful cylindrical shock focusing  
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To improve the feasibility of ICF ignition with expansion tubes, the following are 
recommended for future studies:  
 Research a method to cancel the reflected shocks at the gas lens corners or to not 
produce reflected shocks at all 
 Further investigation on slow – fast cases for a method that allows the transmitted shock 
to accelerate away from the reflected shock interactions  
 Investigation with higher initial gas lens fill and fuel densities to avoid simulation 
failure and increase convergent pressure  
 Examine the feasibility of generating implosions with 3D planar shock patching, i.e. 
multiple planar shock convergence in 3D 
 Investigate alternate methods of generating cylindrical implosions with expansion 
tubes. The experimental work by Si, Long and et.al reviewed in section 2.4 used a 
vertical annular shock tube to produce cylindrical shocks. The annular shock tube was 
first proposed by Takayama in 1987 to study the stability of converging cylindrical 
shock waves. [27] Extending the annular shock tube to strong shocks may yield quality 
cylindrical implosions for fusion study.  
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